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Abstract 
The wetting properties of CO2-brine-rock systems will have a major impact on the management of CO2 injection 
processes. The wettability of a system controls the flow and trapping efficiency during the storage of CO2 in geological 
formations as well as the efficiency of enhanced oil recovery operations. While recent studies have shown CO2 to 
generally act as a non-wetting phase in siliciclastic rocks, some observations report that the contact angle varies with 
pressure, temperature and water salinity. Additionally, there is a wide range of reported contact angles for this system, 
from strongly to weakly water-wet. In the case of some minerals, intermediate wet contact angles have been observed. 
Uncertainty with regard to the wetting properties of CO2-brine systems is currently one of the remaining major unresolved 
issues with regards to reservoir management of CO2 storage. In this study, we make semi-dynamic capillary pressure 
measurements of supercritical CO2 and brine at reservoir conditions to observe shifts in the wetting properties. We utilize 
core analysis techniques to evaluate core-scale effective wetting properties mainly by comparing the capillarity at different 
conditions on the same rock. We evaluate wettability variation within a single rock with temperature, pressure, and salinity 
across a range of conditions relevant to subsurface CO2 storage. This paper will include the initial results of measurements 
in a Berea sandstone sample across a wide range of conditions representative of subsurface reservoirs suitable for CO2 
storage (5-20 MPa, 25-50 oC, 0-5 mol kg-1). The measurement uses X-ray CT imaging in a state of the art core flooding 
laboratory designed to operate at high temperature, pressure, and concentrated brines. 
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1. Introduction 
Climate change is a major environmental challenge that we face today due to the increased anthropogenic 
emissions of greenhouse gases (GHG) to the atmosphere. Carbon dioxide capture and storage (CCS) aims to safely 
sequester CO2 generated from stationary sources, such as power-plants, into aquifers and depleted oil reservoirs. It is 
considered a valuable option to reduce of GHG and has been proposed as a practical technology to tackle climate 
change. Previously, carbon dioxide injection into the subsurface has mainly been used for enhanced oil recovery 
(EOR) purposes. Despite its utility in EOR and the continued development of CCS, little is currently known about 
the wetting properties of the CO2-brine system on reservoir rocks, and no investigations have been performed 
assessing the impact of these properties on CO2 flooding for CO2 storage or EOR. The wetting properties of 
multiphase fluid systems in porous media have major impacts on the multiphase flow properties such as the 
capillary pressure, relative permeability, and residual trapping. 
 
We develop an experimental setup that allows for making capillary pressure measurement at reservoir conditions. 
Carbon dioxide is injected at constant flow rate into a core that is initially fully saturated with water, while 
maintaining a constant outlet pressure. In this scenario, the pressure drop across the core corresponds to the capillary 
pressure at the inlet face of the core. The capillary pressure measurements were then scaled by their respective 
interfacial tension to provide quantitative measures of the changes in capillarity. This allows for the observation of 
shifts in core-scale wetting properties with changing conditions. We examine the wettability changes of the CO2-
brine system in Berea sandstone with variations in reservoir conditions including supercritical, gaseous and liquid 
CO2 injection. This paper includes the initial results of this study. 
 
2. Methodology 
We used the semi-dynamic capillary pressure method to measure the capillary pressure at the inlet of the rock 
core. The technique was developed by [1] based on a model proposed by [2] and has been recently applied to 
measurements in CO2-brine systems by [3,4]. For the drainage capillary pressure measurements, CO2 was injected 
into an initially water saturated core sample at a steady and low flow rate. The pressure drop across the sample set 
the capillary pressure at the inlet face of the core where the saturation was measured using an x-ray CT scanner. A 
simplified schematic of the semi-dynamic core-flooding method is shown in Figure 1.  
 
 
Figure 1. A schematic of the semi-dynamic core-flooding capillary pressure measurement method adapted from [1,3] showing the pressure 
profiles along the core to show the spacer used at the downstream side of the core. Capillary pressure is the pressure difference between the non-
wetting, CO2, and wetting, water, phases at any given location in the core sample. In this study, the pressure drop represents the capillary pressure 
at the inlet. With a corresponding x-ray observation of saturation at the inlet, a paired capillary pressure-saturation measurement is achieved. 
Increasing the flow rate will result in a higher pressure drop (i.e. capillary pressure) and corresponding saturation and by moving along in this 
fashion, a Pc curve can be constructed. 
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The pressures [kPa] at the inlet (Pnw) and the outlet (Pw) of the core were monitored with two pressure 
transducers located at the inlet and outlet end-caps. The inlet end-cap is in contact with CO2 during injection and 
therefore Pnw is the CO2 pressure at the inlet face of the core. The non-wetting phase, CO2, pressure is highest at the 
inlet and decreases towards the outlet. In the semi-dynamic capillary pressure technique, the brine, as the wetting 
phase, is assumed to be connected throughout the core. With a connected but immobile brine phase, the pressure is 
assumed to be constant across the core and equal to the pressure measured in the outlet, Pw. The same assumption is 
made for other capillary pressure measurements techniques such as the porous plate [5,6] and fritted glass [7] 
techniques where a continuous contact of the displaced fluid across one end of the sample is maintained. The 
capillary pressure, Pc [kPa], is the difference in pressure between the CO2 and brine phase and goes to zero outside 
the core, where there are no capillaries. This is known as the capillary end effect which is discussed extensively in 
the literature and observed in other core-flooding experiments of oil-water and gas-water displacements when 
maintaining water contact at the outlet [8,9,10,11]. The boundary condition at the outlet of the core in this study was 
controlled by attaching a 1” long spacer between the core sample and the outlet end-cap ( ൌ ) creating a brine 
reservoir that provided continuity in the brine pressure. The saturation in the spacer was measured with the x-ray CT 
scanner to confirm the boundary condition of each capillary pressure measurement. The capillary pressure can thus 
be measured at the inlet face of the core where the pressure change from the inlet to the outlet, pressure drop, of the 
core is equivalent to the capillary pressure at the inlet face of the core as shown in Eq (1). 
 
οܲ ൌ ௡ܲ௪ െ ௪ܲ ൌ ௖ܲሺܽݐݔ ൌ Ͳሻ                                                       (1) 
 
Where ௡ܲ௪ ൌ ஼ܲைమ  at the inlet at ݔ ൌ Ͳ and ௡ܲ௪ ൌ ௪ܲ ൌ ஼ܲைమ  at the outlet of the core at  ൌ . Saturation was 
measured using x-ray CT scanning. Pressures were measured at the same time as saturation measurements at the 
inlet face of the core. The concurrent measurements allow for a direct link between capillary pressure and saturation 
and a capillary pressure curve can therefore be constructed by repeating these measurements at increasing CO2 flow 
rates. A constant pressure drop across the core should be maintained during the x-ray scan (typically 1 to 30 
seconds) to link the true saturation of each capillary pressure measurement. The flow rates were chosen to allow for 
the measurement at a sufficient number of capillary pressures to generate a representative capillary pressure curve. 
To choose the flow rates, the MICP measurements of the sample were used along with relative permeability curve to 
estimate a priori the pressure drop (and thus Pc) for a given flow rate. Total injection flow rates varied from 0.5 up 
to 50 mL min-1. The applied flow rates were always in the laminar regime. The dimensionless capillary number, Nc, 
defined in Eq (2), was used to ensure that local capillary equilibrium conditions applied during all of the 
experimental flow rates. 
௖ܰ ൌ ௏ఓఙ                                                                              (2) 
 
Where  [m/s] and Ɋ [Pa s] are the CO2 superficial velocity and dynamic viscosity, respectively, ɐ [N/m] is the 
interfacial tension between CO2 and brine. Capillary numbers around 10-4-10-5 indicate that viscous and capillary 
forces are equivalent for the reservoir rock [8]. In this study, the capillary numbers for the highest flow rates applied 
ranged between 10-7 and 10-6. The pore-scale fluid distribution was thus controlled by capillary forces. 
 
3. Experimental Procedure 
3.1. Fluid circulation and CO2 saturated brine equilibration 
Capillary pressure measurements were performed in an experimental setup designed and built up in-house 
partially using commercially available apparatuses and whose details can be found elsewhere [12]. The main steps 
for brine and CO2 circulation are described in this section. The first step was to expel air from the flow loop by 
flowing CO2 through all parts of the experimental setup at an elevated pressure and exhausting to the atmosphere. 
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Then the system was pressurized with CO2 and heated to the experimental pressure and temperature. This step was 
required to obtain the CO2 saturated core background scan. Next, brine was injected into the loop to displace and 
dissolve all of the CO2 out of the core at experimental pressure and temperature. A scan of the brine saturated core 
was obtained for porosity measurements. Then brine and CO2 were circulated at experimental conditions in a closed 
loop bypassing the core. Carbon dioxide dissolved into the brine until equilibration was reached. This avoided any 
mass transfer between the phases during the flooding and created a system of immiscible displacement. Mass 
balances of the fluid phases were maintained during the experiment and equilibration was confirmed after the 
stabilization of the volume of each fluid in the system was observed. At this point, the CO2 flow was stopped and 
only CO2 equilibrated brine was circulated. Then the CO2 equilibrated brine was injected through the line into the 
core. Several pore volumes of brine were injected into the core sample to displace the initial brine with brine 
equilibrated with CO2. This was confirmed by taking x-ray scans during injection until a slight increase in CT 
number corresponding to the higher density brine was observed distributed evenly along the core. Once the core is 
fully saturated with CO2 equilibrated brine, another background x-ray CT scan is taken of the core. 
 
3.2. Porosity and fluid saturations using x-ray CT scanning  
Water porosity and experimental fluid saturations were measured for each experimental condition. Both porosity 
and saturation measurements were obtained by a combination of background and experimental X-ray scans [13,14]. 
The x-ray imaging parameters applied in this study were as follows: a voxel dimension of about (0.23x0.23x1) mm3, 
a display field of view of 12 cm, an energy level of the radiation of 120 keV and a tube current of 225 mA. The 
porosity was measured by using four sets of x-ray scans. The first two were a scan of the air and a scan of the 
experimental brine at ambient conditions. The brine scans were made for every experiment so that the CT number of 
each particular brine-saturated core was obtained. The third scan was a scan of the dry core at ambient conditions 
where the pore space was filled with air. The fourth was a scan of the core saturated with brine at experimental 
conditions. The same confining pressure was applied in last two scans. The porosity was then calculated using Eq. 
(3).  
 
 ׎ ൌ ஼்್ೝ೔೙೐ି஼்೏ೝ೤ூ್ೝ೔೙೐ିூೌ೔ೝ                                                                       (3) 
 
Where ܥܶ and ܫ are the x-ray CT scanner attenuation coefficient converted to numerical values in Hounsfield 
units. These values were assigned for each voxel in the X-ray image. ܥ ௕ܶ௥௜௡௘ and ܥ ௗܶ௥௬ were scan values from the 
brine saturated core and the dry core, respectively. ܫ௕௥௜௡௘  and ܫ௔௜௥  were scan values obtained from scanning brine 
and air alone, respectively.  
Fluid saturations measurements in the core sample required two background scans in addition to the experimental 
scan. The background scans were a scan of the core saturated with CO2 and a scan of the core saturated with CO2 
equilibrated brine. Both scans were taken at experimental conditions and with confining pressure. Carbon dioxide 
saturation during CO2 flow was calculated using Eq. (4). 
 
 ܵ஼ைమ ൌ
஼ ೐்ೣ೛ି஼்್ೝ೔೙೐శ಴ೀమ
஼்಴ೀమି஼்್ೝ೔೙೐శ಴ೀమ
                                                                 (4) 
 
Where the subscripts ݁ݔ݌, ܥܱଶ and   ܾݎ݅݊݁ ൅ ܥܱଶ refer to scan values obtained during CO2 injection through the 
core during core-flooding, while the core was saturated with CO2 and while the core was saturated with CO2 
equilibrated brine, respectively. The slice-averaged porosity and saturation properties were calculated using slice-
averaged CT numbers. A total of 20 scans were taken for each set of CT numbers used in Eqs. (3) and (4). The 
repeated scans were then averaged to reduce the uncertainty associated to the computed porosities and saturations.  
 
5424   Ali Al-Menhali and Samuel Krevor /  Energy Procedia  63 ( 2014 )  5420 – 5426 
3.3. Core-flooding CO2-brine capillary pressure measurements 
The semi-dynamic capillary pressure experiment was performed while maintaining the core outlet pressure at the 
experimental pressure. A net differential radial stress equal to 5 MPa was applied to the core by the confining 
pressure pump. Carbon dioxide and brine were pre-equilibrated and the core sample was fully saturated with CO2 
equilibrated brine at experimental pressure and temperature. The core-flooding capillary pressure experiment was 
initiated by injecting 100% CO2 into the core. Carbon dioxide injection flow rates ranged from 0.1 to 50 ml/min. 
This range allowed for observations covering a satisfactory portion of the capillary pressure curve with maximum 
values reaching more than 200 kPa. For each capillary pressure measurement, CO2 was injected at a constant flow 
rate until a constant pressure drop across the core was reached. Then, an X-ray scan was performed at the inlet face 
of the core sample after achieving a constant pressure drop.  
 
4. Results 
This section show an example of results from experiments designed to examine the wetting properties at different 
reservoir conditions for a Berea sandstone sample. Figure 2 represents the slice-averaged CO2 saturation profiles 
along the length of the core at each injection flow rate applied to generate capillary pressure points. The saturation 
profiles are smooth and an indication of the relatively homogenous Berea core sample used in this study. The 
negative saturation gradient towards the outlet is a result of the capillary end effect that propagates back into the 
core. Figure 3 shows the reconstructed 3D images of the core sample at different flow rates and after achieving a 
constant pressure drop. Only the saturation at the inlet face is needed for constructing the capillary pressure curve 
but the total profile provides an indication that the experiment is working properly. Figure 4 shows the semi-
dynamic CO2-brine Pc observations measured at the inlet face of the core compared with MICP curve measured 
from a sub sample adjacent to the inlet face of the core sample. The graph show some of the 2D saturation map of 
the inlet face of the core next to their corresponding saturation values in the capillary pressure curve graph. A stable 
pressure drop was achieved for each CO2 injection flow rates before taking x-ray scans to measure saturations. The 
horizontal and vertical error bars of the semi-dynamic Pc measurements represent pressure uncertainty caused by 
fluctuations during X-ray imaging time and saturation uncertainty based on the range of saturations seen from 20 
repeated scans, respectively.  
 
 
Figure 2. Slice-averaged CO2 saturation profiles along the length of the core at different injection flow rates 
 
 
0.1 ml/min 
50 ml/min 
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Figure 3. 3D images showing CO2 saturation profiles along the length of the core at different injection flow rates 
 
 
 
 
 
 
 
Figure 4. An example of a semi-dynamic CO2-water capillary pressure 
experiment, black circles are results from the coreflood CO2-brine 
capillary pressure experiment at 14 MPa, 60 oC and 1 mol/kg brine, 
while the dotted line represents MICP curve converted to the CO2-brine 
system scaled by representative IFT and best fit cosθ. The graph show 
some of the 2D saturation map of the inlet face of the core next to their 
corresponding saturation values in the capillary pressure curve graph. 
The vertical and horizontal error bars represent pressure error within 
each scan and saturation error from 20 repeated scans, respectively. 
Figure 5. The experimental condition is shown by the white circle. 
Contours show interfacial tension of CO2-brine at 1 mol/kg [15]. The 
solid Magenta and dotted black lines represent Qatar’s and the range 
of US geothermal and hydrostatic gradients, respectively [16,17] 
assuming surface temperatures of 27oC for Qatar and 15oC for US 
and a hydrostatic pressure gradient for both. 
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5. Conclusion 
Wettability determines the efficiency of enhanced oil recovery operations as well as our ability to inject and store 
CO2 in geological formations. This study utilized a core-flood technique to compare capillarity at different 
conditions and produce an effective core-scale wetting measurements. Measurements were made at a wide range of 
reservoir conditions to observe the impact of pressure, temperature and brine salinity on the wetting properties of the 
CO2-brine system in siliciclastic rocks. 
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